Purpose: To estimate the incidence of ictal hypoxemia (IH) and to identify clinical and study-related factors modulating the estimate. Methods: We searched articles recording concurrent peri-ictal and ictal EEG and Sp02 in adults and children with epilepsy. Studies reporting the total number of seizures recorded and the number of seizures with IH were included in a random-effects meta-analysis. A random-effects meta-regression was used to identify variables affecting study heterogeneity. Results: Twenty-one studies, including 917 participants and 1840 with SpO2 data available were included. The meta-analysis showed a pooled incidence of IH of 35/100 seizures (95% CI 27-44). Sp02 desaturation threshold was associated with the incidence of IH, with less severe desaturations resulting in higher IH frequencies. The incidence of IH was 41/100 seizures (95% CI 29-54) for adults and 47/100 seizures (95% CI 15-78) for tonicclonic seizures. The meta-regression showed that SpO2 desaturation severity was the sole variable significantly correlated with the incidence of ictal hypoxemia (p = 0.00). Conclusion: In a population with refractory epilepsy IH is a frequent phenomenon, especially in adults and in patients presenting with tonic-clonic seizures. The severity of IH appeared independent from the age group and from seizure type and is probably the major clinical concern for its correlation with potentially life-threatening cardiorespiratory alterations and sudden unexpected death in epilepsy (SUDEP). factors on its occurrence, severity, duration and association with apnea https://doi.
Introduction
Ictal respiratory changes (IRCs) have been recognized for more than 100 years [1] and are commonly seen in generalized and focal seizures [2] . IRCs include a range of alterations, from central and obstructive apnea, tachypnoea, bradypnea to hypoventilation and hypoxemia [3] . IRCs, and most importantly respiratory depression such as hypoxemia, hypercapnia and central apnea, have attracted attention in several clinical contexts, including SUDEP [4] [5] [6] and seizure detection in the epilepsy monitoring unit [7] [8] [9] .
SUDEP is the most common cause of death directly related to epilepsy [10] . Although the exact pathophysiology of SUDEP remains unclear, most witnessed cases are associated with early postictal tachypnoea, hypoxemia and terminal apnea, following a generalized convulsive seizure and preceding cardiac arrest [11, 12] . Moreover, the combination of ictal hypoxemia (IH, defined as a drop in peripheral capillary oxygen saturation (SpO2) below 92% during a seizure) and apnea appears a stronger predictor of risk of SUDEP [13] , while the duration of IH seems to correlate with other SUDEP risk factors, such as postictal immobility [14] . In addition, cardiac repolarization abnormalities, which have been associated with potentially life-threatening arrhythmias and may also play a role in the pathophysiology of SUDEP [15] , are more likely to occur in seizures associated with IH, and their severity is correlated with the duration and severity of IH [16] . Due to its clinical importance, IH has been extensively studied and demonstrated in approximately one-third of generalized and focal seizures [13, 17, 18] . However, the rate and severity of IRCs and IH in patients with epilepsy varies considerably across studies. This variance likely reflects differences in demographic and clinical variables, seizure localization, as well as polytherapy with antiepileptic drugs (AEDs) [19] . In addition, methodological issues can also be responsible for the mixed findings, including methods used to assess and define hypoxemia.
Understanding the distribution of IH and the influence of clinical may help at identifying populations at higher risk of SUDEP who might benefit from the use of SpO2 and hypoxemia-triggered intervention to reduce such risk. We aimed to perform a systematic review of the literature and metaanalysis to estimate the incidence of IH and to identify clinical and study-related factors modulating this phenomenon.
Methods
This systematic review and meta-analysis was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) and Cochrane Handbook guidelines [20, 21] 2.1. Criteria for considering studies for this review Retrospective and prospective studies (case-control, cohort or case series) recording concurrent peri-ictal and ictal EEG and Sp02 in adults and children with epilepsy were considered for inclusion. Studies focusing on neonatal seizures only were excluded. Criteria and SpO2 cut off used to define hypoxemia were extracted and considered as separate variables in the meta-regression, as potential sources of between studies heterogeneity.
Search methods for identification of studies
A systematic search with no language restrictions was carried-out to identify all relevant published and unpublished studies. The search strategy included the terms "epilepsy", "seizure", "hypoxemia" and "oxygen saturation" and is reported in Appendix S1 (Supplementary information). The search was conducted from the first date available (1958) up to May 30, 2018 in MEDLINE, Embase and the Cochrane Central Register of Controlled Trials (CENTRAL). The search strategies for each database were based on the strategy developed for MEDLINE, taking into account the differences in controlled vocabulary and syntax rules. In addition to the electronic searches, we hand-searched reference lists of all available review articles and primary studies and hand-searched the references quoted in the most recent congress proceedings (e.g. International Epilepsy Congress, European Congress on Epileptology).
Data collection and analysis
Two review authors (GM and AB) independently assessed the titles and abstracts of all the studies identified by the electronic searching or hand-searching. Full texts of potentially relevant studies were obtained and screened. We resolved any disagreements concerning study inclusion and exclusion by discussion. For each study included, two review authors (GM and AB) independently extracted the following data on an ad-hoc created data collection form: study design (prospective, retrospective) and setting (inpatients, outpatients); demographic and clinical data of the population (number of patients, age group, gender, type of epilepsy, drug-resistance, AEDs administration/withdrawal during the recording); number of seizures recorded, seizure type (tonic-clonic versus non-tonic-clonic) and focus (including focus side), definition of seizure onset (EEG, clinical, either EEG or clinical); EEG characteristics: type (scalp, intracranial), number of electrodes used (standard, nonstandard), duration (continuous, intermittent, number of hours recorded), use of video recording; definition of hypoxemia; number of seizures presenting with IH; mean ictal SpO2, mean SpO2 nadir; time of SpO2 nadir; mean duration of IH.
Quality assessment
The quality of included studies was evaluated using a standard assessment tool, that was re-adapted (Appendix S2, Supplementary material), and included sample representativeness, condition assessment, and statistical methods [22] . Each study was given a quality score of 0-8 based on fulfilment of the quality criteria. The quality score was considered as a separate variable in the meta-regression for studies included in the meta-analysis.
Data synthesis and analysis
Studies reporting the total number of seizures recorded and the number of seizures with IH (including 0), were included in a metaanalysis.
In addition, meta-analysis was separately fitted according to IH severity (SpO2 < 92%, SpO2 < 90%, SpO2 < 85%, SpO2 < 80%, SpO2 < 70%, SpO2 < 60%), seizure type (tonic-clonic versus nontonic-clonic) and age group (adults versus children), when these variables were specified by an adequate number of studies. We used the 'metaprop_one' command in Stata 14.0 to estimate crude incidence rates along with their 95% confidence intervals (CI) and we expressed the estimates as the number of seizures with IH per 100 seizures. We reported the pooled, weighted estimate generated by random-effects models. To handle the studies with zero events, we used Freeman-Tukey double arcsine transformation which stabilizes the variance of the proportion restricting the 95% CI within the range of 0 and 1, even in the presence of zero events [23] . As a sensitivity analysis, the pooling process was repeated after the successive removal of incidence studies with a low-quality score. The I 2 was used to quantify the magnitude of between-study heterogeneity and the Cochrane Q statistic was calculated to determine significance. Publication bias was investigated statistically using Begg's and Egger's tests. To determine the influence of the clinical variables and of the study-level factors on the observed variability, we used random-effects meta-regression. We regressed one variable at a time. Significance level was established at p < 0.05. All analyses were performed using STATA version 14.0 (StataCorp, College Station, TX, U.S.A.).
Results

Study selection and quality assessment
The search of electronic databases yielded 1344 references ( Fig. 1 ). Four additional studies were identified by hand-searching. After duplicates and non-relevant studies were removed, the titles and abstracts of the remaining studies were reviewed and the full-text of 42 articles with potentially relevant studies was assessed. Eight papers were excluded after contacting the corresponding authors as the populations were overlapping [15] [16] [17] [24] [25] [26] 40, 48] . Finally, 21 published studies were considered eligible for this review and their characteristics are summarized in Table 1 . Of the 21 studies, seven studies [14, [27] [28] [29] [30] [31] [32] were considered for the qualitative synthesis only as they reported the occurrence of IH without specifying its frequency. The remaining 14 studies [4] [5] [6] 8, 9, 13, 18, [33] [34] [35] [36] [37] [38] [39] were included in the meta-analysis. Quality assessment revealed a median study quality score of 6/8 (range 1-8) and yielded higher scores (7/8) for those studies included in the meta-analysis.
Summary of characteristics of the studies
Twenty-one studies, enrolling 917 people living with epilepsy (43.7% female; 45.3% male; 11.0% not reported) and a total of 2599 seizures, 1840 with SpO2 data available. Fourteen included adults, four children only, two both adults and children, one did not report participants' age.
Six studies included people with different focal epilepsy types [5, 13, 30, 31, 34, 38] , two with TLE only [37, 39] Five studies included focal seizures only [5, 31, [37] [38] [39] , 14 included both focal and generalized seizures [4, 6, 9, 13, 14, 18, [28] [29] [30] [32] [33] [34] [35] [36] and two did not report the seizures type [8, 25] .
Three studies included drug-resistant patients [8, 37, 38] , two both drug-resistant and non-drug-resistant patients [13, 18] and 16 did not specify if patients were drug-resistant or not [4] [5] [6] 9, 14, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] 39] .
All the studies used scalp EEG, with three studies including also intracranial EEG [9, 30, 36] . The majority of the studies were based on continuous EEG recording, using a standard 10-20 system and video recording; only two studies used less electrodes than standard [5, 27] . Oxygen desaturation was assessed through pulse-oximeter in all the studies.
The mean seizure duration was 95.6 ± 30.5 s (range 39.0-137.0) in ten studies [5, 14, 18, 29, 31, [33] [34] [35] [36] [37] and 122.3 ± 45.2 s (range 86.0-173.0) for seizures with desaturation [18, 36, 37] . The mean baseline SpO2 was 97.5 ± 0.5% (range 97.0-98.0) in three studies [14, 32, 34] . The mean time to SpO2 nadir was 47.0 ± 24.3 s (range 31.0-75.0) in three studies [4, 5, 37] , and the mean SpO2 nadir was 82.5 ± 6.5% (range 74.0-88.9) in seven studies [5, 8, 14, 28, 34, 35, 37] and < 60.0% in two studies [13, 18] .
The mean IH duration was 96.8 ± 23.3 s (range 73.1-130.0) in five studies [5, 14, 29, 34, 37] with a mean SpO2 desaturation of 84.6 ± 9.8% (range 71.0-93.1) reported in four studies [4, 31, 32, 38] .
Two studies [14, 29] and two additional studies [17, 40] which was only included for this variable only [34] reported the occurrence of ictal hypercapnia with a mean end-tidal CO 2 (ETCO 2 ) elevation from baseline of 19.1 ± 12.6 mmHg. Four studies [4, 8, 31, 36] reported that in 70 of 213 seizures with IH (32.8%) was associated with central apnea.
Meta-analysis
The pooled incidence of IH for the 14 studies included in the metaanalysis [4] [5] [6] 8, 9, 13, 18, [33] [34] [35] [36] [37] [38] [39] was 35/100 seizures (95% CI 27-44) (Fig. 2) , with a significant between study heterogeneity (I 2 = 92.9%, Q p-value = 0.000). Egger's and Begg's test were not significant (p = 0.2) indicating a low risk of publication bias. Sp02 desaturation threshold was associated with the incidence of IH, with less severe desaturations resulting in higher IH frequencies ( Fig. 3 A) . The majority of studies (8/ 14) defined ictal hypoxemia as an SpO2 < 90%, giving an incidence of IH of 33/100 seizures (95% CI .
Studies including adults presented with an incidence rate of 41/100 seizures (95% CI 29-54) while the incidence was 31/100 seizures (95% CI for studies including children only (Figure S1 , Supplementary material).
Six studies reported the incidence of IH separately for tonic-clonic and non-tonic-clonic seizures. The analysis performed on these studies ( Fig. 4A and B) showed an IH incidence of 47/100 seizures (95% CI 15-78) for tonic-clonic and of 32/100 seizures (95% CI 12-55) for nontonic-clonic seizures.
The meta-regression (Table 2) showed that SpO2 desaturation severity was the sole variable significantly correlated with the incidence of ictal hypoxemia (p = 0.00) (Fig. 3B) , and accounted for 40.03% of the observed between study heterogeneity. No other clinical or methodological variables were associated with the estimates, including seizure and epilepsy type.
All the studies included in the meta-analysis were judged at high quality and the planned sensitivity analysis was not performed.
Discussion
This systematic review and meta-analysis indicated that IH is a frequent and self-limiting feature of both focal and generalized seizures. We found that in patients undergoing EEG-telemetry more than one third of seizures are associated with IH, with a pooled frequency of 35% (95%CI 27-44). Higher estimates were found for tonic-clonic seizures (47%, 95% CI 15-78) and in seizures occurring in adult populations (41%, 95% CI 29-54). Conversely severe IH was a rarer phenomenon and only 22% (95% CI 13-32) of seizures presented with ictal oxygen desaturations below 85%.
In all the studies identified, IH measures were based on digital pulse oximetry, which estimates systemic hypoxemia and constitutes an indirect measure of cerebral oxygenation. However, whether the identified SpO2 desaturations are related to centrally mediated hypoventilation and cerebral hypoxemia or conversely to seizure-associated peripheral vasoconstriction, is uncertain. A more precise indicator of primary respiratory disturbances is represented by the simultaneous use of ETCO2 measurement (and index of hypoventilation) and its association with IH supports the presence of a primary respiratory inhibition. However, a concomitant measurement of SpO2 and ETCO2 was reported in four studies only [14, 17, 29, 40] and none of them was included in the meta-analysis. Four additional studies [4, 8, 31, 36] , three of which included in the meta-analysis, also reported that IH was accompanied by central apnea in 32.8% of the seizures recorded, supporting a centrally mediated ventilatory dysfunction. The higher frequency of IH in tonic-clonic seizures is an interesting clinical finding and may be related to the ictal modulation of the respiratory centres. Although the mechanisms supporting respiratory changes during seizures are still largely unknown, the brainstem respiratory centres appear to be mainly regulated by descending ipsilateral limbic pathways [19, 41] . The simultaneous involvement of both the hemispheres and descending circuits during convulsive seizures may more likely lead to more frequent and severe IH. However, additional peripheral mechanisms of hypoxemia, including significant muscle activation and airway obstruction, cannot be excluded.
The meta-analysis additionally showed a higher incidence of seizure with IH in studies focused on adults (41%, 95% CI 29-54) as compared with those enrolling children only (31%, 95% CI . These findings are difficult to interpret as they might have been influenced by other factors that were not controlled in the analysis, including patients, epilepsy and seizure characteristics. However, the age-dependent Fig. 3 . A Cumulative incidence of ictal hypoxemia (IH) by peripheral capillary oxygen saturation (SpO2) threshold; B meta-regression bubble plot showing the variation of the incidence of ictal hypoxemia (IH) regressed against the SpO2 threshold (unadjusted p = 0.00; adjusted for age group and seizure type p = 0.01). difference in the ictal sympathetic and parasympathetic response [42, 43] may account for potentially distinct manifestations and compensatory mechanisms in the two populations. However, additional studies assessing the occurrence of seizure-related respiratory disfunctions in comparable groups of children and adults are needed, as interestingly, children also have a reduced risk of SUDEP (0.2/1,000) [44] as compared with adults (4/1,000) [45] .
Despite occurring in a smaller proportion of seizures, important desaturations are of utmost importance. In fact, patients with severe IH (SpO2 < 85%) have been demonstrated to be at increased risk of recurrent desaturations [17] and consequently, at potentially higher risk of SUDEP.
In addition to this, severe hypoxemia (SpO2 < 75%) has also been associated with prolonged ictal central apnea, [12, 34] and severity of respiratory dysfunction in general correlated with the occurrence of other SUDEP risk factors, including post ictal generalised EEG suppression (PGES) and postictal immobility [14] . Respiratory dysfunctions, including IH and apnea have furthermore been correlated with seizure-related cardiac repolarization abnormalities [46, 47] which are clinically concerning and reflect to those lethal cardiorespiratory dysfunctions involved in the pathophysiology of SUDEP [48] .
The duration of a seizure may also have an impact on central respiratory centres and circuits, and our review showed that seizures with desaturation had a longer duration, lasting on average almost 30 s more than seizures without desaturation.
Current studies did not provide enough data to compare seizure focus, hemispheric lateralization of the respiratory control, or a presumed higher frequency of IH in patients with right temporal lobe epilepsy [19, 37] or differences in desaturations according to sleep/ awake status [31] . In fact, all these variables were only infrequently reported in the studies analysed. Similarly, the effects of AEDs, epilepsy type and gender on the occurrence of IH remain unclear.
Moreover, the meta-regression did not identify methodological variables contributing to the between study heterogeneity, with the exception of the SpO2 desaturation threshold, which alone explained a consistent amount of heterogeneity.
To conclude, our meta-analysis indicated that in epilepsy monitoring units and in a population with refractory epilepsy and long disease duration, IH is a frequent phenomenon, especially in adults and in patients presenting with tonic-clonic seizures.
Nevertheless, the severity of IH appeared independent from the age group and from seizure type and is probably the major clinical concern for its correlation with potentially life-threatening cardiorespiratory alterations and for their association with an increased SUDEP risk.
Although our findings seem to suggest a potential clinical usefulness of a systematic in-hospital and, possibly, out of hospital monitoring of SpO2, several additional factors, including the performance of SpO2 monitors in different settings, the chance of false positive rates and the cost effectiveness, should be carefully evaluated before considering alarms for low oxygen levels as a trigger for early interventions. Moreover, the interventions to be adopted and the effect of such strategies on the risk of cardiorespiratory dysfunctions and SUDEP should be additionally and consequently evaluated.
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